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Abstract: Changes in tropical cloud vertical structure, cloud radiativeirfgrfCRF) and
circulation exhibit distinctly different characteristics duritihgg 2006-07 and 2009-10 El Nifios,
revealed by CloudSat/CALIPSO observations and reanalysis data.2d0@10 El Nifio
produces a strong increase of deep convection over the equatonial Paific but wide-spread
decreases of convection in other ocean basins. The 2006-07 El Nifio prododesmtm
enhancement of convection in central and eastern Pacific buvegfationfined reduction of
convection. In the tropical average, the 2009-10 has a decrease-td-mgh clouds and an
increase of low clouds. The 2006-07 experiences nearly the oppositegopicaltaveraged net
CRF anomaly at the top-of-the-atmosphere (TOA) is 0.6-0.7 Atoling (0.2-0.5 W/
warming) for the 2009-10 (2006-07) El Nifo. The 2009-10 EI Nifio is associated with a
strengthening of tropical circulation, increased high (low) cloudsiremely strong ascending
(descending) regimes and decreased mid-to-high clouds in a brggdafamoderate circulation
regimes. The strengthening of tropical circulation is prirgarintributed by the enhancement of
the Hadley circulation. The 2006-07 El Nifio is associated with skem#ag of tropical
circulation, primarily contributed by the reduction of the Walkercuation. The cloud
anomalies in each circulation regime are approximately ompasitthose in 2009-10. Our
analysis suggests that both magnitude and pattern of sea Sarfgoerature anomalies in the
two events contribute to the differences in clouds and circulation aremnwith magnitude
playing a dominant role. The contrasting behaviors of the twiifids highlight the nonlinear

response of tropical clouds and circulation to El Nifio SST forcing.
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1. Introduction

On interannual time scale, ElI Nifio—Southern Oscillation (ENSChaésmost dominant
natural variability. ENSO is characterized by anomalous adace temperature (SST) in the
equatorial Pacific and has far-reaching impacts on global @hied temperature, precipitation
and circulation. Changes in tropical clouds during ENSO have beerdtadiensively (e.g.
Ramanathan and Collins 1991; Zhang et al; 1996; Cess et al., 2001; Adlan2602) owing to
the profound importance of clouds on the Earth’s radiative energy lealahthe time when no
direct observation of cloud vertical profiles on the tropical/globalesevas available, a few
studies used the ratio of shortwave and longwave cloud forcing (SAMGCEWCF) at the top-
of-atmosphere (TOA), N = —SWCF/LWCF, to infer cloud height foruhderstanding of TOA
cloud radiative forcing (CRF) changes. There has been a comyowdether the abnormally
large N value over the western Pacific warm pool during the 1998iit€l was dominated by
lowering of deep convective cloud heights (Cess et al., 2001) or imgelasv-level clouds
associated with anomalous subsidence (Allan et al, 2002). Yuan(20@8) revisited the issue
by analyzing the International Satellite Cloud Climatology Rto{(SCCP) cloud fraction data
along with the CRF estimates from the Earth Radiation Budgperiirent (ERBE) and the
Clouds and the Earth’s Radiant Energy System (CERES) as aofumétlarge-scale vertical
motion, following the methodology put forward by Bony et al. (2004). Tiesiunlts showed that
both high and low clouds underwent significant changes during the 1998i&laNd the shift
from “top-heavy” to “bottom-heavy” upward motion in the western fa@ppeared to be
responsible for the cloud vertical structure change, rather than the meaalvediion.

CloudSat and Cloud-Aerosol Lidar and Infrared Pathfinder Satellitd [PSO) experiments
have conducted global survey of cloud vertical profiles since 2006. Thessurements enable

us to unambiguously identify changes of cloud vertical structuresponse to El Niflo. During
3
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CloudSat/CALIPSO observational period, two El Nifios occurred. Basetheodifference in
SST anomalies averaged over the Nifio4 (160°E-150°W, 5°S-5°N) and Nifio3 (150°-90°W,
5°S-5°N) regions, the two EL Nifios were classified as two typ&d blifio (Yeh et al. 2009;
Lee and McPhaden 2010). The 2006-07 El Nifio was a moderate Eastert (BE&QHEI Nifio,
characterized by warm SST anomalies across the easterreatndl ®acific with Nio3 SST
anomaly greater than that over Nifio4. In contrary, the winter of 2008xpérienced large
positive SST anomalies over the central Pacific with Nifio4 S®Mmaly significantly higher
than Nifio3, making it the strongest Central Pacific (CP)-HioNsince 1980s (Lee and
McPhaden 2010). The CP-El Nifio is also called El Nifilo Modoki and isias=baevith different
even opposite teleconnection patterns from the canonical EP-El Nafibd€t.al. 1997; Ashok et
al. 2007; Kao and Yu 2009; Kug et al. 2009; Weng et al. 2007; Weng et al. Kigd@t al.
2009). With CloudSat/CALIPSO cloud profile observations, we now haveaa ciew of 3-
dimensional cloud structure during the two types of El Nifilo. The purpbdas paper is to
document and understand cloud vertical structure changes during thg tvidos. As tropical
clouds are intimately coupled with large-scale circulation,ag® analyze tropical circulation
changes. Since these two events differ both in SST anomatyrpatid magnitude, we diagnose
the relative roles of SST anomaly pattern and magnitude in detegnthe clouds and
circulation responses in the tropics. Our analysis results encengbasd and circulation
changes in conventional geographical space and in large-scaendyregimes, indicated by
mid-tropospheric vertical pressure velocity at 500 hbgg).

A major limitation of using CloudSat/CALIPSO data to examinerarinual cloud changes
is the short time span of the data record. We construct monthly daasmelhtive to the mean
seasonal cycle based on the four year data from August 2006 t201ly This period includes

two warm and two cold episodes of ENSO, making a nearly neutnaatology. To test the
4
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robustness of the anomalies, we compare our CloudSat/CALIPSO claatiorir (CFr)
anomalies with satellite record of longer temporal coverageh as the CFr data from ISCCP,
recognizing the coarse vertical stratification of the lati&fe also compare the short-term
(August 2006 - July 2010) and long-term mean atmospheric circulg@tisil-2010) from the
European Centre for Medium-Range Weather Forecasts (ECMW&en reanalysis. Given the
similarity between such short-term and long-term means revassured that the relatively short
record of CloudSat/CALIPSO observation is useful in studying interannuabildies.

The structure of the paper is organized as follows. Section 2ilnesc¢he data used in the
analysis. Section 3 presents the clouds and circulation anomalieg theiriwo El Nifios in
geographical space, while Section 4 presents cloud changes imthierial space of large-scale
circulation and diagnosis of whether the pattern or magnitude of 8&hady determines the
different responses. The TOA cloud forcings for the two eventd@@issed in Section 5.
Concluding remarks are given in Section 6.

2. Data

The cloud profile data we use include cloud water content (CWC) @lmudSat Level 2B-
CWC-RO and CloudSat radar and CALIPSO lidar combined cloud fractiieval from 2B-
GEOPROF-LIDAR. The vertical resolution of these data is abouinhOfversampled onto 250
m intervals from surface to 20 km. The horizontal resolution is 1.7 kmgakack and 1.3 km
cross track. The uncertainty of CWC is about a factor of 2 (Jaray 2012). CWC retrievals
within 0.5 km above the surface are not used because of the largeaimties due to surface
clutter. To validate the spatial patterns of CloudSat/CALIP®0dcHata, we employ the ISCCP
cloud fraction from July 1983 to December 2009. This version of ISCCRsdiduwa latest release
of ISCCP D2 global monthly dataset. The horizontal resolution obrilgenal data is 280 km x

280 km.
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To derive TOA CRF, we use monthly 1°x1° gridded all-sky and clearatiyative flux
measurements from CERES on Terra and Aqua (the SYN1ldeg-Monthditien 2.5-Subset
Data). The uncertainties for monthly and regional mean CERES ldgwave and shortwave
fluxes are about 0.2-0.4 WfrfLoeb et al., 2007].

SST data are from the NOAA Optimum Interpolation SST, and atmasphieids are from
the ECMWEF interim reanalysis with a horizontal resolution of 1.5°x1.5°,

3. Cloud and Circulation Changes

As maximum EI Nifio warming usually occurs in boreal winter,fa®is on the cloud and
circulation anomalies averaged for December, January and Felfiu#f). Figure 1 shows the
spatial distributions of SST anomalies relative to the four Dé&ns from 2006 to 2010 for the
two El Nifio winters. The SST anomalies relative to 30-year niEa81-2010) are very similar
(figure not shown). In 2009-10 DJF, the positive SST anomalies arertdoated between the
dateline and 120°W, while the warm anomalies during 2006-07 DJF arespvigled across the
eastern-central Pacific despite of the maximum around 180°. The tr(§6€&-30°N) averaged
SST anomalies are 0.3°C for 2009-10 DJF and 0.1°C for 2006-07 DJF.

Figure 2 shows the anomalies of tropical@BCN) averaged cloud water content (CWC)
and CFr profiles over the tropical oceans for the four winters, téhtropical mean SST
anomalies in each winter displayed in the inset. The tropical ga@reloud anomalies for the
two El Nifios are almost opposite to each other over most of the tropesmhth an overall
reduction of cloudiness in 2009-10 and an increase in 2006-07. At the altabdee 14 km
(below 1.5 km), both 2009-10 and 2006-07 experience an increase of cirrus glasg)cin
CWC. The changes in CFr are consistent with those in CWC, butdelkigher in altitude than
in CWC, because of the higher sensitivity of the lidar to thirosleuds than the radar. The

amplitude of the CWC (CFr) anomaly in the tropical average is atouig/n? (0.5%).
6
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Compared to the four-year mean, the fractional difference is upl@¥bfor CWC and 15-30%
for CFr in the free troposphere (2-14 kritpr the two La Nifias (note that the 2008-09 winter
was not regarded as a persistent cold episode because the SSTiemnoreed not over the
threshold of -0.5°C for a minimum of five consecutive over-lapping seasons

(http://www.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/emsmsrem),

reduced high clouds (above 10-12 km) and increased middle clouds (2-10 kob)sareed,
while low clouds (below 2 km) are reduced during 2007-08 but increaggdlyslduring 2008-
09 (with reduced CFr). If we restrict the spatial averagethe Pacific Ocean only (120°E-
90°W) (figure not shown), the cloudiness anomalies are of the samge but with smaller
amplitude, indicating that the cloud anomalies over the Pacific rDaea dominant in the
tropical average but contributions from other ocean basins are important (Zhang%96).

The horizontal distributions of CWC and CFr anomalies at four predsuels are shown in
Figure 3. The four levels represent the planetary boundary layedlerand upper troposphere,
and the tropopause region. At 900 hPa, the two EIl Nifios exhibit angtrtkintrast with the
cloud anomalies of opposite sign over most of the tropics. In the eqlistutheast Pacific, the
2006-07 El Nifio produces a decrease of low clouds, with only a smealldadrincreased low
clouds adjacent to the west coast of Peru and Chili. The 2009-10 EI Niftee oantrary, has a
strong positive anomaly of low clouds. The magnitude of increasedltmw<is about 15% in
cloud fraction and 20 mgfinmore than double the 4-year mean). This increase of low cloud
amount has a substantial contribution to the net cloud forcing indpiegr It may be related to
the local negative SST anomalies observed during DJF 2009-10 (see Bigalthough it is not
clear whether the cold SST anomalies are the consequence ofdehwaewvard solar radiation
at the surface associated with the increased low clouds. Imgtleogial northeast Pacific, the

low cloud anomalies are positive in DJF 2006-07 but negative in DJF 200%ik0short-term
7
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variability seems to be at odds with long-term trends of low clouidti@s over this area as
documented in Clement et al. (2009). Detailed analysis is needed tstande¢he mechanisms
that drive the low cloud changes.

From 600 hPa to 100 hPa, cloud anomalies are approximately barotbepmiise the
changes of deep convective strength dominate the cloud responselolileanomalies are
substantial at 200 hPa (~10km). Interestingly, both El Nifios havemuax positive cloud
anomalies near the dateline, with the 2009-10 maximum locatedtowaeds the south of the
equator than the 2006-07 maximum. To the east of the maximum posaticeanomaly in the
Pacific, the two EIl Nifios are more or less similar; howewethé west of the maximum, the two
El Niflos are drastically different. Over the western Fa@hd maritime continent, strong
negative high cloud anomalies occur in the winter of 2009-10, comparing fmositeve high
cloud anomalies in DJF 2006-07. Over most of the Indian Ocean, 2006-0T ipt¥iences
enhanced convection, while 2009-10 winter shows reduced convection. Opposite clou
anomalies also appear in the equatorial Atlantic Ocean for theevents. At 600 hPa and 100
hPa, cloud anomalies outside the Pacific Ocean are much isthalkethose inside the Pacific.
During DJF 2009-10, the 100 hPa cloud fraction and CWC anomalies over tha ardia
Atlantic Oceans are positive while their counterparts at 200dn®aegative, suggesting that
cirrus variations are not fully determined by changes in deep convection.

The robustness of the CloudSat/CALIPSO anomaly pattern is testéidure 4 using the
cloud fraction data from ISCCP. We display the ISCCP cloudidra@nomalies for December
2006 and 2009 relative to the December mean based on long-term (1983+12DGpH-term
(2006-2009) averages. Similar to Clement et al. (2009), we add IS@ZBnd middle cloud
fraction together because of the uncertainty in the retriel/&dw-level cloud top height. It is

clear that the cloud fraction anomalies using different meansvame similar. The spatial
8
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distributions of cloud fraction anomalies generally agree whibsé of CloudSat/CALIPSO,
although it is not meaningful to quantify the differences due to the lstaasification of vertical
layers in the ISCCP data.

As the changes of tropical cloud anomalies are strongly etecelwith changes in tropical
circulation, we plot the tropical 3-d wind anomalies using ECMWFimteeanalysis together
with cloud anomalies from CloudSat/CALIPSO. Figure 5 is the tadgiheight section for
anomalies averaged over 10°S-10°N. Figure 6 is a latitude-heighdnsémtizonally averaged
anomalies. Only oceanic regions are included in the averages. In dpatbsfithe vertical wind
(in hPa/day) is enlarged 5000 times to stress the overturning circulation.

On the zonal plane (Figure 5), the 2006-07 EIl Nifio has a widespreadsaarf mid-to-high
clouds across the central and eastern Pacific, while the 2009dlGi&lhas a much stronger
positive deep convective cloud anomaly near the dateline. The inakedsep convection is
associated with enhanced ascending motions. The high vertical resolutimud&&t/CALIPSO
data reveals the fine structure of anomalous cloud profiles teaiat available from previous
datasets such as the ISCCP. For example, the positive high catidrfranomalies above 200
hPa in the central Pacific during DJF 2009-10 exhibit an eastwiand tivith height, indicating
the role of horizontal winds in advecting detrained ice clouds. Durirtly Bb Nifilos, some
negative cloud anomalies are underneath or in-between moderately positive anomalies,
creating a rather inhomogeneous response in the vertical. DUWIlR@@D6-07, the compensating
subsidence in response to the enhanced ascent is confined within teenviRestific around
90°E-135°E, while the 2009-10 has a far-reaching forced descent over the(#&#®0°E) and
Atlantic (300°-360°) Oceans beyond the western Pacific. Over the I@dreen, the two El Nifio

winters have opposite cloud anomalies although the local SST anoaralibsth positive. This
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is a clear manifestation of the “atmospheric bridge”, i.e, rdraote impact of ENSO SST
through atmospheric circulation (Alexander et al. 2002; Su et al. 2001).

On the meridional plane (Figure 6), the differences betweenwtbieEt Niflos are evident.
The 2006-07 has the maximum anomalous upward motion located to the northeqitter.
The compensating subsidence is restricted within 15 degrees of dkenum ascending
anomaly. Poleward of 15°S and 20°N, circulation anomalies arevedyatieak, accompanied by
increased middle and high clouds. On the other hand, the 2009-10 El Nifio hasraummnaf
enhanced ascent to the south of the equator. It induces strong desweaties poleward of
10°S and 5°N, generating strong negative cloud anomalies. In the bolmgarylow clouds
anomalies are opposite for the two events, consistent with thedeatge€irculation change and
probably correlated with the variations of lower tropospheric stability.

4. Cloud changes in the large-scale circulation regimes

Following Bony et al. (2004), we treat tropical cloudiness as a functiorwef. In this

framework, the tropical mean cloudines€gJ is expressed as an integral of cloudiness in each

circulation regime C,,), weighted by the probability density function (pdf) of each regif,),

I.e., <Cc>= TPwada)- Thus, the change of tropical mean cloudiness from climatolagybe

decomposed into a term associated with the change of largeescailation (termed dynamic

component)C, = .[de [C,dw ; aterm associated with the change of cloudiness inegatie r

(termed thermodynamic component), = I P, dw ; and the co-variation betweetwthe

+o00

C,= J'apw [, dw, where P, anddC, are anomalies from their climatological means. Hence,

—00

1C
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the tropical mean cloud changeXC >= &, [T dw+ [P, &, dw+ [P, [EC dw. We note that

the terminologies (dynamic and thermodynamic components) should nueteted literally,
as theC,; andC, terms are strongly correlated, both being driven by SST anomalies.

Figure 7 shows tropical cloudiness (CWC in color shadings andrdkrel contours) sorted
in 20 bins ofwspowith a bin interval of 10 hPa/day for the two El Nifios. Figure Zagbtotal
cloud amount and 7c,d are cloud anomalies relative to the 4 DJF mdamshrde components
of cloud anomalies are shown in Figure 8.

As the SST anomalies are stronger in 2009-10 than in 2006-07, high clolngsstmangly
ascending regimes appear higher in altitude and greater in oagiit both CWC and CFr. The
intense high clouds are more concentrated over strongly ascendim@se@soo < —75 hPa/day)
in 2009-10, whereas they span a broader range of ascending regig@36-07 (Figure 7a-b).
The shift to stronger ascending regimes and to higher altitud&@0®+10 is clearly manifested
in the anomalous cloudiness distributions (Figure 7c-d). The 2009-10 EI hofics &an increase
of high clouds in the strongly ascending regime whesg is less than-75 hPa/day, and a
substantial decrease of mid-to-high cloudiness in the moderatdation regimes, spanning
wspobetween-75 and 20 hPa/day (Figure 7d). Such a decrease in high- and midimwis in
the intermediate circulation regimes is a result from thé& shihigh cloudiness to stronger
ascending regime. There is also a decrease in boundary layds ¢n the moderate subsidence
regimes withusooless than 20 hPa/day. In the strongly descending regimeswyithetween 20
and 60 hPa/day, low clouds and middle clouds are increased. Changes of clouds in tiseofegime

Ws00> 60 hPa/day are quite small. These cloud anomalies are asdowith the changes in the

pdf of wsoo( A,) Which exhibit a polarizing feature: an increase at twoeexés and a decrease
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over the broad range of intermediabeyo, corresponding to a strengthened tropical circulation
(Figure 9a). As the moderatasoo values (-75 <uxso0< 20 hPa/day) account for about 60% of
tropical circulation regimes and the relatively large magnitafleloud anomalies there, the
tropical-mean CWC and CFr show a reduction of clouds throughoutrdhesphere, except
below 1 km and above 14 km. The three componé&htsd, andCs) of cloud changes (Figure
8d-f) indicate that the both dynamiC;) and thermodynamidd;) components contribute to the
sandwich-like structure in Figure 7d and that thermodynamic comp@@grdominates the sum
of the three terms.

On the contrary, during the 2006-07 EI Nifio, high and middle clouds are redueethe
strongly ascending regimes but increased in the moderate atioculregimes (Figure 7c¢),
associated with an increase in the pdf of intermediate values and an decrease at both
extreme ranges, opposite to the 2009-10 El Nifio. Hence, the tropicalimgta and middle
clouds are increased relative to the 4-year mean. The changée insoo pdf indicate a
weakening of tropical circulation (Figure 9a), which resemblisate model simulated
circulation changes in response to uniform SST warmBany et al., 2004]. The individual
components (C1 and C2) are largely mirror images of those in 2008416f opposite signs
(Figure 8a-c).

Following Held and Soden (2006), we compute the spatial variancewsdo (< ai, >) over
the entire tropics (30°S-30°N) and divide it into the zonally symmetric componedy (> nd )a
asymmetric c:omponent<(wgoo2 > ), to represent the strength of Hadley afickN¢irculations,

respectively (Figure 9b), i.esai,’>=<a, >+<d,’> . The asterisk, over-bar and prime

denote the departure from the tropical mean, the zonal-mean and theidefsram the zonal-

mean, respectively. Note that such definitions of the Hadley andeairculation indices are
12



269 different from other commonly used indices [e@art and Yienger, 1996;Tanaka et al., 2004,
270 Quanet al., 2004;Mitas et al., 2005] but they form a closed budget for the total spatial vaianc
271 of wseoin the tropics. Thus, the “Hadley Circulation” and “Walker Circolat defined here
272 loosely correspond to the mean tropical circulation on the meridionaé @ad zonal plane,
273 respectively. We find that during 2009-10 DJF the strengthening oH#uey circulation
274 explains 90% of the increased spatial varianceogb, while the rest is contributed by the
275 strengthening of the Walker circulation. During 2006-07 DJF, the weake@fhiegculation is
276 primarily due to the weakening of the Walker circulation, while weakening of the Hadley
277 circulation accounts for 10% of the decreased spatial variancaogf For the 2007-08 and
278 2008-09 La Ninas, the Walker circulation is strengthened but the HaGileylation is
279 weakened. The changes in the strength of the Hadley and Wattkdattons during ENSO have
280 been documented befor@drt and Yienger, 1996;Tanaka et al., 2004]; however, the changes in
281 the strength of the Hadley and Walker circulations for the twbligbs analyzed here are not
282 inversely correlated as for most historical El Nifios, indicating the vauryatture of El Nifios.

283 What causes the distinctly different responses in clouds anddeade circulation during
284 2009-10 and 2006-07 El Nifios? We perform a diagnosis to illustrate theeddés in SST
285 anomalies between the two events. Considering the SST gradiential ¢o determine the
286 tropical circulation and deep convectidnr{dzen and Nigam 1987), previous studie8dgny et al.
287 2004,William et al. 2003) suggested that the relative warmth of local SST, i.e., thetutepaf

288 local SST from the tropical-mean SSPSST =SST.-<SST > for ftie grid-box), correlates

289 Dbetter with the local cloud change. We analyze the distributiondS8F and find that the

290 changes in the occurrence frequency8sT in three broadly defggu@sbear approximate

291 similarity to the changes in the pdf @00 (Figure 10a). During 2009-10, there is an increase in
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the occurrence of strongly relatively warm SSTs wiBST > 2.4°C, appeairly the upper
~20% of thedSST distribution, accompanied by a decrease in the occuwénctermediate
ASST values (between -2.2 and 2.4°C) and an increase in the occurresitengfly relatively
cold SSTs. The positive SST anomalies during DJF 2006-07 are wide-spread over thamantra
eastern Pacific, leading to a reduced SST gradient: the pdifeoéxtremely relatively warm
ASST decreases and the pdf of the intermed@asT increases.

However, the two El Niflos also differ in the magnitude of positivd &8omalies. To

distinguish the role of SST anomaly magnitude and pattern in determinirﬁe budiistr,
we keep the spatial distributions of SST anomalies during DJF 2006-Oéntarge their

magnitudes so that the tropical-mean SST anomalies are ofntieensagnitude for DJF 2006-07

and 2009-10. After this manipulation, the anomaly?ael occurrence frequen2p06r07
changes to a polarized structure, qualitatively similar to tma2009-10 (Figure 10b). This
exercise suggests that the larger magnitude of SST anomalieg BJF 2009-10 is the key to
the strengthened circulation and associated cloud anomalies, altiheughttern of SST may
also play a role.
5. TOA cloud forcings

Given the drastically different cloud anomalies during the twbliEbs, it is expected large
differences would incur in their TOA cloud forcings. We analyZ2ATCRFs from CERES on
Terra and Aqua both in the geographical space and in the largecgcalation regimes. We
define CRF as the difference between the all-sky and clgai<S}A radiative fluxes, with the
positive sign indicating warming to the Earth-atmosphere systBmspatial maps of longwave,
shortwave and net cloud forcing anomalies as well as the amsnwliratio N are shown in

Figure 11 and the regime-sorted CRF for both El Nifios are showngureF12. Table 1
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summarizes cloud forcing anomalies in different circulation regimThe anomalies are relative
to the four winters from 2006-2010. They are similar to the anomallasve to 10 (8) years
mean for Terra (Aqua) CERES data.

The pattern of LWCF anomalies resembles that of cloud anomali&30ahPa (Figure 3),
while the shortwave cloud forcing shows combined effects of high, mialde low cloud
anomalies. Interestingly, the net cloud forcing has a simpatia distribution to the cloud
anomalies at 600 hPa, except over the substantial low cloud anompalysré.e., the west coast
of South America and Australia). This suggests that middle clouds la important
contribution to the net cloud forcing as the LWCF and SWCF from higidsl nearly cancel
each other. The ratio N exhibits appreciable anomalies over regiioaktively large low cloud
anomalies, but it has small changes over regions of deep convaatloasthe western Pacific
and the Indian Ocean, indicating the limitation of using this ragionfer cloud structure
changes.

Sorting CRF in the large-scale circulation regimes disclodes some degree, the
contributions of each type of clouds to the total cloud forcing. During -200®JF, the
increased deep clouds in the strongest ascending regigwges 75 hPa/day) produce enhanced
shortwave cooling and longwave warming at the TOA, with the sheetwaoling dominating.
In the intermediate circulation regimes, the reduction of mid-¢b-ltlouds leads to decreased
shortwave cooling (positive anomaly) and decreased longwave wa(ngaggtive anomaly), i.e.,
resulting in an anomalous cooling effect. In the strongest descemd@imes dso0 > 20
hPa/day), the increased low cloudiness causes an increased shawkvg. On the tropical
average, the net CRF is a cooling of 0.6-0.7 ¥tmwhich the low clouds over the subsidence
regimes contribute about 70-80% (Table 1). Compared to 2009-10, the 2006-0sh®W&

nearly opposite longwave and shortwave CRF changes in the intereneidtalation regimes (—
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75 <wsp0< 0 hPa/day), consistent with the observed cloud changes. The troparalneieCRF
anomaly during 2006-07 is 0.2-0.5 W/nvarming based on the two CERES datasets, with the
averages for the large-scale ascending and descending regiomsracting each other (0.3-0.4
W/m? cooling versus 0.5-0.9 W/warming). The differences in CRF between the Terra and
Aqua CERES data are within the uncertain range of 0.2-0.43 m

During both El Nifios, low clouds in the subsidence regimes are thagricontributor to
the tropical-mean cloud forcing, consistent with previous studies, Bogy and Dufrescne,
2005]. However, the contribution of mid-to-high clouds in the ascending esgionthe tropical-
mean CRF is non-negligible. In both ascending and descending regm®eSWCF outweighs
the LWCF, except during 2009-10 in the ascending regime. Our éssimbcloud sensitivity to
ENSO SST warming are of approximately similar magnitudénéprevious estimates of 1-2
Wm?K™ [e.g.Zhang et al., 1996], although the sign may vary from case to case.
6. Concluding remarks

With vertically resolved cloud water content and cloud forcing psfibbserved by
CloudSat/CALIPSO, we are able to, for the first time, quantify the vestar#tions of clouds in
response to El Nifio SST warming. Two El Nifios are examined@ngared. We conclude that
the magnitude and pattern of SST anomalies are both important toogieal-mean cloud
amount change. In the winter of 2009-10, the tropical-mean SST anomaly is about 3 timaés o
in the winter of 2006-07 and the warmest anomalies are concentra¢e the central Pacific,
where climatological SST is warm. Consequently, the strong alooi: ascent over the central
Pacific moves deep convective clouds higher in altitude and indumegsttescent anomaly
remotely, causing wide-spread decrease of deep convective cloudspicalt oceans. The
zonally overturning circulation (i.e., the Walker Circulation) ghifte ascending branch from

western Pacific to the central Pacific and greatly enhatieeslescending branch to the west
16
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(into the Indian Ocean), resulting in little reduction in overalha circulation strength as
indicated by the zonally asymmetric component of the spatial nca@iaf wso, While the
meridionally overturning circulation (i.e. the Hadley Circulatiorfjesgthens due to the
increased meridional SST gradient. On the other hand, the 2006-07 repraseatof canonical
El Nifio, during which the Walker circulation weakens and the éadlirculation is less
affected. The differences between the two El Niflos highlightnthdinearity in the ENSO
response (Hoerling et al., 1997). Hence, it is probably not sumptisat global or tropical mean
cloud forcing shows a large scatter with respect to the rsedace temperature anomalies
(Dessler 2010) on the interannual time scale, a charaatensnifested in tropical-mean
precipitation (e.g., Su and Neelin 2003, Gu et al. 2007).

Besides large differences in high and middle cloud anomalies,|tmdsover the west coast
of South America and Australia and subtropical Pacific also exhgairly opposite responses to
the two El Nifios. Although low cloud observations are more difficultaiofion using longer
historical data, the consistency in spatial patterns of T@Adcforcing anomalies validates the
CloudSat/CALIPSO low cloud retrievals. As these low cloud an@wainake a dominant
contribution to the net cloud forcing at the TOA, an in-depth anabfsike physical processes
responsible for the low cloud change is warranted.

Although a single El Nifio event does not bear any indication of faturate change, it is
interesting to point out that this new type of El Nifio Modoki, or theECWNifio, may have
increasing importance in future climate variabilities. It hasn suggested that the occurrence of
EP-EI Nifio has become less frequent and the CP-EIl Nifio hambeanore common during the
late twentieth centuryL@tif et al. 1997;Ashok et al. 2007). The intensity of CP-El Nifio has also
increased since the 1990ke¢ and McPhaden 2010). Coupled climate model simulations

projected that the occurrence ratio of CP-El Nifio to EP-EI Ni@aolavincrease as much as five
17
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times under global warmingréh et al. 2009). Hence, investigations of the CP-El Nifio and its
global impacts, in contrast to EP-EI Nifio, are important to undwlistg interannual and longer-
term climate variabilities. A recent study by Zelinka andtiann (2011) regressed 8 years A-
Train cloud observations since 2002 against tropical-mean SSToand a decrease of high
clouds in response to SST warming, qualitatively similar to kedcresponse during the 2009-
10 El Nifio shown in this study. This might suggest that the CP-Bb Miccurred more
frequently than the EP-EI Nifio in the past decade.

The magnitude and pattern dependency of the tropical or global noemhfarcing presents
a great challenge to the determination of cloud feedback astelimadels have yet agreed on
the regional-scale (a few thousand kilometers, for example, &eR#cific versus Eastern
Pacific) surface temperature chang®&seiryfield, 2006], let alone on the local scale (a few
hundred kilometers). Moreover, the height dependency of cloud response t® suaiaming
also makes the accurate quantification of cloud feedback veryutlifideasurements of TOA
radiative fluxes only provide the 2-dimensional constraint on cloud fprdia fully understand
and determine cloud feedback, accurate global measurement of 3-dimkokiodastructure is
needed.
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Table 1 The longwave (LW), shortwave (SW) and net (NET) cloud radiatverfg (CRF, in

W m?) anomalies from CERES on Terra and CERES on Aqua, averaged fioopiel-mean

(30°S-30°N), tropical ascendingdppo< 0) and descendin@éoo > 0) regimes separately during

the 2006-07 and 2009-10 DJF. Positive (negative) sign indicates warminggg¢dolthe Earth-

atmosphere system. The anomalies are relative to the four DJFs from 2006-2010.

2006-07 DJF 2009-10 DJF

tropics ®s00< 0 500> 0 tropics ®s00< 0 500> 0
CERES-Terra LW 0.34 0.22 0.12 -0.05 -0.12 0.08
CERES-Terra SW -0.14 -0.52 0.39 -0.57 -0.07 -0.51
CERES-Terra NET 0.20 -0.30 0.51 -0.62 -0.19 -0.43
CERES-Aqua LW 0.27 0.13 0.14 -0.22 -0.27 0.05
CERES-Aqua SW 019 -0.54 0.74 -0.48 0.14 -0.63
CERES-Aqua NET 046 -041 0.88 -0.70 -0.13 -0.58
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Figure Captions:

Figure 1. Horizontal maps of SST anomalies during December-January-FeljR.Hfy 2006-07
and 2009-10. The anomalies are relative to the four DJF mean from 2006 to 2010.

Figure 2. Tropical-mean anomalies of cloud water content (left) and cloactidn (right)
profiles from CloudSat/CALIPSO for the four DJFs from 2006 to 2009. dimemalies are
relative to the four DJF means. Only oceanic regions between the33MSare averaged. The
tropical-mean sea surface temperature anomalies for the fatersvare shown in the inset of
Figure 2a.

Figure 3. Horizontal maps of cloud anomalies at four vertical levels (chwater content in
shadings, cloud fraction in contours) for DJF 2006-07 (left) and 2009-10 (right).

Figure 4. Horizontal maps of cloud fraction anomalies from ISCCP for Beg 2006 (left)
and 2009 (right). The anomalies in the first and third rows argvwelto the mean from 1983 to
2009, while the second and fourth rows are relative to the mean ©66+2009. Middle and
low cloud fractions are summed together due to the uncertainty inclowd top height
identification in the ISCCP data.

Figure 5. Longitude-height section of tropical-mean (10°S-10°N) cloud anomalasl(water
content in shadings, cloud fraction in contours) during DJF 2006-07 and 2009-10mgused
with ECMWEF interim analysis winds. The vertical pressure vglogn hPa/day) is enlarged
5000 times relative to the horizontal wind (in m/s).

Figure 6. Latitude-height section of zonal mean (0°S-360°N) cloud anomalies (clatet w
content in shadings, cloud fraction in contours) during DJF 2006-07 and 2009-10mgused
with ECMWEF interim analysis winds. The vertical pressure vglogn hPa/day) is enlarged

5000 times relative to the horizontal wind (in m/s).
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521 Figure 7. Tropical clouds and cloud anomalies during the two El Niflosdadea function of
522 vertical pressure velocity at 500 hRa&d{y). Color shadings for cloud water content and contours
523 for cloud fraction. The solid curves in (a)-(b) are four DJF meatalility density function
524  (pdf) of wsgo TOp panels for clouds and bottom panels for cloud anomalies relatilie four

525 DJF mean.

526 Figure 8. Three components of the cloud changes as a functiegygior the twoEl Nifios. (a)
527 and (d): dynamic component; (b) and (e): thermodynamic component; (c) andy@iatons.
528 Figure 9. Changes in tropical circulation and SST anomaly pattern dureéptr DJFs. (a) The
529 changes in the pdf absgo for two El Nifios. (b) The changes in the spatial variancessgf
530 including zonally symmetric and asymmetric components, for the four DJFs.

531 Figure 10.Changes in the histograms of SST departure from the tropical 8fe& for the two
532 El Ninos, (top) Observed, (bottom) Manipulated so that the tropicahn®T anomalies were
533 the same in DJF 2006-07 and 2009-10. See text for details.

534 Figure 11 Horizontal maps of top-of-atmosphere (TOA) cloud forcing anomalas fTerra
535 CERES for DJF 2006-07 (left) and 2009-10 (right). (top row) longwawedcforcing (LWCF),
536 (second row) shortwave cloud forcing (SWCF), (third row) net cloudrigrand (bottom row)
537 the ratio N = -SWCF/LWCF. The anomalies are relative to tie DJFs from 2006 to 2010.
538 The white areas indicate values of cloud forcing anomalies wAthid2 W/m2, and N anomalies
539  within £0.02.

540 Figure 12 Changes of top-of-the-atmosphere (TOA) cloud forcing as aifumof wsoofor the
541 two El Nifos. The tropical-mean TOA net (NET), longwave (LW) and tsveore (SW) CRFs
542 are shown on the right-most panels. The top (bottom) panels use th#veafliex data from

543 CERES on Terra (Aqua).
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Figure 1: Horizontal maps of SST anomalies during December-January-February (DJF) 2006-07
and 2009-10. The anomalies are relative to the four DJF mean from 2006 to 2010.
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Figure 2: Tropical-mean anomalies of cloud water content (left) and cloud fraction (right)
profiles from CloudSat/CALIPSO for the four DJFs from 2006 to 2009. The anomalies are
relative to the four DJF means. Only oceanic regions between the 3025-302N are averaged.

The tropical-mean sea surface temperature anomalies for the four winters are shown in the
inset of Figure 2a.
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Figure 3: Horizontal maps of cloud anomalies at four vertical levels (cloud water content in
shadings, cloud fraction in contours) for DJF 2006-07 (left) and 2009-10 (right).
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Figure 4: Horizontal maps of cloud fraction anomalies from ISCCP for December 2006 (left)
and 2009 (right). The anomalies in the first and third rows are relative to the mean from 1983
to 2009, while the second and fourth rows are relative to the mean from 2006-2009. Middle
and low cloud fractions are summed together due to the uncertainty in low cloud top height
identification in the ISCCP data.
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Figure 5: Longitude-height section of tropical-mean (102S-102N) cloud anomalies (cloud
water content in shadings, cloud fraction in contours) during DJF 2006-07 and 2009-10,
superimposed with ECMWF interim analysis winds. The vertical pressure velocity (in hPa/day)
is enlarged 5000 times relative to the horizontal wind (in m/s).
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Figure 6: Latitude-height section of zonal mean (025-3602N) cloud anomalies (cloud water
content in shadings, cloud fraction in contours) during DJF 2006-07 and 2009-10,
superimposed with ECMWF interim analysis winds. The vertical pressure velocity (in hPa/day)
is enlarged 5000 times relative to the horizontal wind (in m/s).
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Figure 7: Tropical clouds and cloud anomalies during the two El Nifios sorted as a function of
vertical pressure velocity at 500 hPa (w500). Color shadings for cloud water content and
contours for cloud fraction. The solid curves in (a)-(b) are four DJF mean probability density

function (pdf) of w500. Top panels for clouds and bottom panels for cloud anomalies relative
to the four DJF mean.
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Figure 8: Three components of the cloud changes as a function of w500 for the two El Nifos.
(a) and (d): dynamic component; (b) and (e): thermodynamic component; (c) and (f): co-
variations.
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Figure 11: Horizontal maps of top-of-atmosphere (TOA) cloud forcing anomalies from Terra
CERES for DJF 2006-07 (left) and 2009-10 (right). (top row) longwave cloud forcing (LWCF),
(second row) shortwave cloud forcing (SWCF), (third row) net cloud forcing, and (bottom
row) the ratio N = =SWCF/LWCF. The anomalies are relative to the four DJFs from 2006 to
2010. The white areas indicate values of cloud forcing anomalies within £0.02 W/m2, and N

anomalies within £0.02.
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Figure 12: Changes of top-of-the-atmosphere (TOA) cloud forcing as a function of w500 for
the two El Ninos. The tropical-mean TOA net (NET), longwave (LW) and shortwave (SW) CRFs
are shown on the right-most panels. The top (bottom) panels use the radiative flux data from

CERES on Terra (Aqua).



